Low-threshold mechanoreceptor neurons (LTMs) of the dorsal root ganglia (DRG) are essential for touch sensation. They form highly specialized terminations in the skin and display stereotyped projections in the spinal cord. Functionally defined LTMs depend on neurotrophin signaling for their postnatal survival and functioning, but how these neurons arise during development is unknown. Here, we show that specific types of LTMs can be identified shortly after DRG genesis by unique expression of the MafA transcription factor, the Ret receptor and coreceptor GFRa2, and find that their specification is Ngn2 dependent. In mice lacking Ret, these LTMs display early differentiation defects, as revealed by reduced MafA expression, and at later stages their central and peripheral projections are compromised. Moreover, in MafA mutants, a discrete subset of LTMs display altered expression of neurotrophic factor receptors. Our results provide evidence that genetic interactions involving Ret and MafA progressively promote the differentiation and diversification of LTMs.
INTRODUCTION
The somatosensory neurons of the dorsal root ganglion detect and transmit sensory information about temperature, noxious stimuli, touch and proprioception from the skin, viscera, and muscle to the spinal cord, enabling animals to adapt their behavior to the changing environment. These neurons display great diversity in morphology, physiological properties, their central and peripheral target cells, and the information that they transduce (Lewin and Barde, 1996) . There are several subtypes of touch responsive neurons, which are designated low-threshold mechanoreceptors (LTMs) because of their sensitivity to innocuous mechanical stimulation. These neurons can be differentiated by the characteristic types of terminals they form in the skin, either encapsulated endings such a Meissner, Ruffini, and Pacinian corpuscles or specialized endings that are associated with hair follicles, e.g., Merkel cells. Each of these subtypes detects different types of mechanical forces on the skin, such as static pressure or movement and vibration which together provide sensory richness to touch-related percepts.
The generation of sensory neurons from neural crest precursors is orchestrated by a complex intrinsic transcriptional program that regulates the specification and differentiation of neural progenitors to give rise to specific classes of thermonociceptors, mechanoreceptors, and proprioceptors (reviewed by Marmigè re and Ernfors, 2007) . Initially, the proneural genes Ngn2 and Ngn1 are required for sequential waves of neurogenesis and specification of neural crest-derived neuronal precursors into two broad classes of sensory neuron; mechanoreceptors/proprioceptors and thermo-nociceptors, respectively. Transcription factors of the Runx family regulate the further specification of these classes of sensory neurons. Runx3 protein drives the TrkC neuron phenotype that distinguishes proprioceptive neurons from TrkB expressing mechanosensitive neurons (Kramer et al., 2006) and regulates the spinal cord projections of proprioceptors (Chen et al., 2006a) . On the other hand, Runx1 expression differentiates subtypes of nociceptive neurons and their specific dorsal horn projections (Chen et al., 2006b; Yoshikawa et al., 2007) . In contrast to proprioceptors and thermo-nociceptors, almost nothing is known about the molecular mechanisms controlling the early diversification of TrkB mechanosensitive neurons into distinct subtypes of lowthreshold mechanoreceptors (LTMs). The study of these neurons has been complicated by their dynamic expression of Trk receptors and the absence of molecular markers for these cells during embryonic development.
Intrinsic transcriptional programs intersect with extrinsic signals emerging from the peripheral tissues to coordinate the differentiation and spinal cord connectivity of sensory neurons and motoneurons of the peripheral nervous system (reviewed in Ladle et al., 2007) . Prominent among such signals are the secreted ligands of the neurotrophin and GDNF families. These peptides, via interactions with their receptors of the Trk/p75
and Ret/GFRa1-4 families, have been shown to play essential roles in sculpting the peripheral nervous system by their actions on the survival, neurite growth, and physiology of various types of sensory and motor neurons (Ernfors, 2001; Ernsberger, 2008) .
An intriguing population of neurons that have been observed in the embryonic DRG express the GDNF family ligand receptor Ret. However, these cells have not been clearly characterized and their function remains unknown (Kramer et al., 2006; Luo et al., 2007; Molliver et al., 1997; Pachnis et al., 1993) . Neurons of this population, generally called the ''early'' Ret neurons, have large cell body diameters and high Ret expression. They appear to form a distinct population from the population of Ret-expressing nonpeptidergic nociceptors that emerges from TrkA-expressing neurons during late embryonic stages (Molliver et al., 1997) . The absence of expression of TrkA (Luo et al., 2007) and TrkC (Kramer et al., 2006) in these neurons suggests they are neither nociceptors nor proprioceptors. Interestingly, they partially coexpress TrkB in a dynamic fashion (Kramer et al., 2006) suggesting that ''early'' Ret + neurons might be part of the mechanoreceptor neurons, although which type is not clear. The large Maf proteins are basic leucine-zipper (bZIP) transcription factors of the AP1 superfamily, composed of both a basic domain that contacts directly DNA, and a leucine-zipper motif that allows dimerization and is required for DNA binding (Chinenov and Kerppola, 2001; Vinson et al., 2002) . Maf proteins (MafA/L-Maf, MafB/kreisler, c-Maf, and Nrl) display a bZIP domain in their C-terminal part but also contain an acidic transactivation domain in their aminoterminal part. Although most Maf genes were initially identified as oncogenes (Eychè ne et al., 2008; Kataoka et al., 1993 Kataoka et al., , 1994 ) recent functional analyses reveal roles for these proteins in differentiation events in many tissues (Kataoka, 2007) . For example, MafA, which has been studied mainly in the pancreas, appears to play a key role in coordinating and controlling the level of Insulin gene expression in islet b cells (Aramata et al., 2007) . In MafA À/À mutants the glucose-stimulated secretion of insulin is impaired, and the animals develop diabetes (Zhang et al., 2005) . Interestingly, MafA, c-Maf, and Maf-B identify specific subtypes of neurons in the embryonic mouse spinal cord including Renshaw cells (M. Goulding, personal communication). It was noted that MafA is expressed in a small population of sensory neurons in the DRG in the developing chick (Lecoin et al., 2004) , suggesting that MafA might define a specific functional subclass of sensory neuron.
In this study, we show that three subtypes of LTM sensory neurons in the mouse selectively express the transcription factor MafA in combination with the Ret tyrosine kinase receptor and its coreceptor GFRa2. This combination (MafA/Ret/GFRa2) marks subtypes of LTMs that form lanceolate longitudinal endings and innervate Merkel cells and Meissner corpuscles. We show that NTN and GDNF, which are known ligands for Ret/GFRa2, selectively support the differentiation and survival of cultured embryonic MafA DRG neurons. In vivo, the early differentiation of MafA/Ret/GFRa2 neurons is independent of the neurotrophins BDNF and NT-3. In Ret mutant mice, these neurons display impaired early differentiation as revealed by reduced MafA expression, and their peripheral terminations and central projections are defective. In addition, in MafA mutants, a unique population of these LTMs display loss of Ret and ectopic expression of TrkB, revealing a key specific role for this determinant in the emergence of a highly restricted subset of LTMs from the molecularly related MafA/Ret/GFRa2 neurons.
RESULTS
MafA Is Expressed in ''Early'' Ret-Expressing Neurons in the Developing Sensory Ganglia and Depend on Ngn2 for Their Early Development We previously undertook an in situ hybridization based screen (Bourane et al., 2007) , with the aim of identifying new genes expressed in functional subtypes of DRG neurons. In this screen, we identified MafA, which encodes a leucine zipper transcription factor. MafA is expressed in a discrete subpopulation of DRG neurons and trigeminal ganglion (data not shown) from early embryonic stages to birth ( Figures 1A-1F ). The first MafA + cells are detectable from E11.5 and we confirmed that they were neurons by double-labeling with Islet1, a marker of postmitotic neurons ( Figure 1C ).
To determine which classes of DRG neurons express MafA during development we carried out double labeling with various known markers of DRG subpopulations at different stages of development. Strikingly, all the MafA cells were seen to express Ret at E11.5 and E13.5 (Figures 1G-1J ; see Figures S1E-S1H available online for E13.5). Conversely, all Ret + neurons expressed MafA. Thus, there is a striking one-to-one relationship between these two genes in a small population of sensory neurons. As shown previously (Kramer et al., 2006) , this ''early'' Ret population does not express TrkA or TrkC at this stage, suggesting they are neither proprioceptive nor nociceptive sensory neurons. However, MafA + neurons coexpress TrkB at E11.5 ( Figures 1K-1N ) similar to the 80% Ret/TrkB coexpression as previously described (Kramer et al., 2006) . We next examined whether these ''early'' Ret neurons preferentially expressed any of the previously described Ret coreceptors (GFRa1-4). While coreceptors GFRa1, -2 and -3 are expressed in the DRG, GFRa4 is absent (Baudet et al., 2000) . Double in situ hybridization showed that the Ret coreceptor GFRa2 is exclusively colocalized with MafA at E11.5 and E13.5 (Figures 1O-1R ; Figures S1I-S1L for E13.5). A similar one-toone colocalization between Ret and GFRa2 was also observed (Figures S1A-S1D). GFRa1 expression only partially overlapped with MafA, with approximately 30% of MafA neurons expressing GFRa1 at E13.5 ( Figures S1M-S1P ).
In the developing DRG, the proneural bHLH transcription factor Neurogenin 2 (Ngn2) functions as a determinant for sensory neuron precursors to become low-threshold skin mechanoreceptors and muscle proprioceptors. In contrast, the laterborn precursors of nociceptive neurons are specified by the closely related Neurogenin 1 (Ngn1) (Ma et al., 1999) . In E11.5 Ngn2 mutant mice DRGs, we found that the numbers of neurons expressing a combination of Ret, MafA, and GFRa2 was strongly reduced compared to wild-type DRG ( Figures 1S-1X (Korte et al., 1995) or NT-3 (Airaksinen et al., 1996) 3L ). In spite of the observed reduction in GFRa2 mRNA expression at E13.5, immunohistochemistry using an anti-GFRa2 antibody revealed no significant difference in the intensity of GFRa2 + fibers found at the dorsal root entry zone where GFRa2 protein accumulates ( Figures 3M-3O ).
We then took advantage of this observation to study growth, topographic organization, and collateral extension of GFRa2 + fibers. Sensory afferents form topographically organized longitudinal rostrocaudal projections in the dorsal funiculus: from medial to lateral; proprioceptors, mechanoreceptors, and nociceptors. Between E13 and E14, they emit collaterals that enter the dorsal horn of the spinal cord (Ozaki and Snider, 1997) . At E13.5, immunohistochemistry with antiGFRa2 revealed that in wild-type and Ret mutants GFRa2 + fibers are positioned in an intermediate location in the dorsal funiculus and distinct collaterals were observed entering the dorsal horn ( Figures 3M and 3N ). Similarly, in the periphery, GFRa2 + fibers were observed projecting toward the skin in both wild-type and Ret mutants ( Figure 3P and 3Q). Collectively, these observations indicate that in Ret mutants MafA/Ret/GFRa2 neurons are generated normally (normal numbers of GFRa2 + neurons at E11.5). Although their differentiation is rapidly compromised (reduced expression of MafA as soon as E11.5), early growth and pathfinding of these neurons toward central and peripheral targets appears normal.
MafA/Ret/GFRa2-Expressing Neurons Persist at Postnatal Stages and Are Myelinated Afferents We were interested in whether this unique molecular combination MafA/Ret/GFRa2 was maintained in this subpopulation of DRG sensory neurons at later stages, when the specialized terminations of these neurons are apparent. We examined the coexpression of MafA with Ret and GFRa2 at birth by double in situ hybridization. At P0, Ret remains strongly expressed in a small population of large cell body diameter neurons, and its expression extends to a population of nociceptive neurons of small cell body diameter that bind the isolectin B4 and has also been called the ''late'' Ret population (Luo et al., 2007) . At P0, MafA mRNA and protein were expressed exclusively in all of the large diameter Ret + neurons (Figures 4A-4E) suggesting that they have been maintained from earlier embryonic stages. Similarly, MafA mRNA and protein were 100% colocalized with GFRa2 at P0 ( Figures 4F-4J ).
Neurons of large cell body diameter in the postnatal DRG are generally myelinated afferents characterized by their expression of Neurofilament-200 (NF200). By triple labeling we observed that at P0 the MafA/Ret/GFRa2 neuronal population expresses NF200 ( Figures 4K-4N ). Cell counting showed that all MafA + neurons were also NF200 + ( Figure 4O ). Ret was expressed in 47% of all DRG neurons at P0, in accordance with Molliver et al. (1997) . Within this Ret + population, $10% were NF200 + , and large Ret + neurons comprise about 25% of the NF200 + population. Thus MafA/Ret/GFRa2 neurons are myelinated afferents.
To further explore the myelinated afferent subclass to which the MafA/Ret/GFRa2 subpopulation belongs, we carried out double-labeling experiments, at P0, of MafA with the neurotrophin receptors Trks A, B, and C, and Parvalbumin ( Figures  4P-4X ). MafA + neurons do not express TrkA ( Figure 4P ) and large cell body diameter MafA/Ret/GFRa2 neurons persist in the P0 DRG of TrkA mutant mice ( Figure 4Q ). Since in these mice all nociceptive afferents are lost (Silos-Santiago et al., 1995; Smeyne et al., 1994) , the above results indicate that these MafA/Ret/GFRa2 neurons are not nociceptors. Similarly, by double labeling with Parvalbumin, we showed that none of the 
MafA
+ neurons coexpress this protein, thus excluding them from the muscle proprioceptor population ( Figure 4R) .
However, about 20% of MafA + neurons coexpressed TrkC ( Figures 4S and 4T ) and about 50% of MafA + neurons also expressed TrkB (Figures 4U and 4V) . By double labeling for TrkB and TrkC, we found that, at this stage, these receptors are very rarely coexpressed ( Figure 4W ). Similar results were obtained by colabeling experiments of Ret with TrkB ( Figures  S3A-S3D) and TrkC ( Figures S3E-S3H) . GFRa2 was also partially localized with TrkB ( Figures S3I-S3L ) and completely excluded from CGRP + nociceptors (Figures S3M-S3P ). Altogether, these results definitively exclude MafA/Ret/GFRa2 neurons from the nociceptor and proprioceptors subclasses and suggest that these myelinated afferents are putative LTMs. At birth, they can be subdivided into three distinct subclasses; MafA/Ret/GFRa2, MafA/Ret/GFRa2/TrkB, and MafA/Ret/GFRa2/ TrkC ( Figure 4X ).
MafA/Ret/GFRa2 LTMs Project to Spinal Cord Laminae III/IV and Innervate Sensory End Organs in the Hairy Skin To further characterize the MafA/Ret/GFRa2 population, we studied the projections of these afferents in the spinal cord and skin of newborn mouse pups. At this stage, in spinal cord, central nociceptive input is mostly restricted to the superficial laminae I/II, low-threshold mechanoreceptor (LTM) afferents mainly form synapses with interneurons in laminae III/IV and muscle 1a proprioceptors afferents terminate at deeper levels, including on the dendrites of motoneurons. Since Ret and NF200 are located along the processes of neurons, Ret + /NF200 + fibers were analyzed to study the central and peripheral projections of the MafA/Ret/GFRa2 population. To exclude the possibility that the Ret + /NF200 + fibers in the skin arise from sympathetic innervation, we verified that whereas Ret is expressed in sympathetic neurons, NF200 is completely absent from these cells at P0 (Figures 5A-5C ).
In the spinal cord of P0 mice, Ret + fibers projected to laminae II and III/IV as previously shown (Molliver et al., 1997) . By double labeling with NF200, we showed that Ret + fibers in lamina II are NF200 negative, representing the nonpeptidergic IB4-lectin binding nociceptor afferents. While Ret-negative/NF200 + fibers were observed projecting ventrally in the spinal cord, representing fibers of proprioceptive neurons extending toward their motoneuron targets, double Ret + /NF200 + fibers were observed in laminae III/IV ( Figures 5D-5F ). Examination of the XZ/YZ projections of the collected confocal images analysis on sections double labeled for these proteins confirmed that Ret and NF200 were present in the same fibers in laminae III/IV ( Figure S4A ). Altogether, these data further support that double Ret + /NF200 + afferents originate from LTMs. As LTMs mainly innervate the skin, we analyzed this tissue by double labeling with Ret and NF200. Murine pelage hair consists of two main types, tylotrich (or guard) hair follicles and smaller hairs. The outermost part of tylotrich hair follicles are surrounded by a group of Merkel cells-the whole complex called the tylotrich touch dome. A single type I slowly adapting mechanoreceptor terminates on the Merkel cells of a single touch dome (Iggo, 1985) . The intermediate region of the hair follicle is innervated by longitudinal lanceolate and transverse circumferential endings. Small hair follicles lack associated Merkel cells and are innervated by thinly myelinated fibers.
In the hairy skin, double Ret + /NF200 + fibers were associated with tylotrich hair follicles ( Figures 5G-5L ). We observed that Ret + /NF200 + fibers were associated with the outer and intermediate regions of the hair follicle ( Figures 5G-5I ). Using the anti-PGP9.5 antibody which labels all myelinated and unmyelinated endings in the skin as well as Merkel cells, we found that Ret + fibers are associated with PGP9.5 + Merkel cells surrounding the hair follicle ( Figures 5J-5L ). Since the GFRa2 coreceptor is expressed exclusively in MafA/Ret + neurons of the DRG at P0, we also studied the localization of this molecule in hairy skin by immunohistochemistry. A similar staining pattern as for Ret was found in P0 skin when GFRa2/NF200 or GFRa2/PGP9.5 double labeling was carried out (Figures 5M-5R) . Similarly at P0, we found Ret + /NF200 + and GFRa2 + /NF200 + fibers innervating the glabrous skin of the hindpaw ( Figures S4B-S5D and S4H-S4J). In the adult, Ret + /NF200 + fibers innervated structures that by their typical morphology were identified as Meissner corpuscles ( Figures S4E-S4G) . However, the innervation of Merkel cells at the base of the dermal papilla in glabrous skin was negative for Ret staining (data not shown).
Altogether, these results show that MafA/Ret/GFRa2 DRG neurons are specific types of LTMs innervating Merkel cells and tylotrich hair follicles in hairy skin and Meissner corpuscles in glabrous skin.
MafA/Ret/GFRa2 LTMs Display Defective Differentiation and Abnormal Central and Peripheral Projections in Ret Mutant Mice
The reduction of MafA and GFRa2 expression in Ret mutants at E13.5 prompted us to extend this molecular analysis to P0 using our above-described markers. At this stage, in Ret conditional mutant DRGs (RetcKO, Figure S5 ), expression of MafA was completely abolished (Figures 6A-6C) , and we found a reduction of 75% in the numbers of neurons expressing GFRa2 ( Figures  6D-6F) . Importantly, we also noticed that GFRa2 + neurons that remain lack MafA but still display NF200 expression, revealing that specific aspects of the differentiation of these neurons is impaired in Ret mutants ( Figures 6G-6I ). Since all the MafA/Ret/GFRa2 neurons are myelinated afferents, we counted the numbers of NF200 + neurons/section between the two genotypes and found a significant 8% reduction in the mutant ( Figure 6J ). We also counted the numbers of neurons of DRGs labeled by TrkB, TrkC, Parvalbumin (PV), and CGRP and at P0 in wild-type and Ret mutant mice. We found no difference in the numbers of PV or CGRP + neurons indicating that proprioceptors and peptidergic nociceptors are unaffected. Interestingly, we found that the numbers of TrkB neurons were reduced by 21% and TrkC by 12% in mutant DRGs. These results indicate that Ret is necessary for the embryonic development of the MafA neuronal population that expresses TrkB or TrkC at P0. To see if there were anatomical correlates of the defective molecular differentiation observed in MafA/Ret/GFRa2 LTMs, we analyzed central and peripheral projections in mice lacking Ret in sensory neurons. Using NF200 and CGRP immunostaining, we quantified the amount of NF200 labeling in laminae III/IV, or CGRP in lamina I, of wild-type and RetcKO mice. The surface area of anti-NF200 fluorescence through stacks of confocal images of transverse sections of the spinal cord at comparable rostrocaudal levels was measured. Our analysis showed a decrease of 68% in the surface area of NF200 staining in mutants ( Figures 7A-7C ), whereas CGRP fiber innervation of the more superficial lamina I was unchanged ( Figures 7D-7F) .
To analyze the projections of LTMs in the periphery, skin sections were reacted with an antibody against CK20 to label Merkel cells and with NF200 to reveal myelinated fiber innervation and a similar analysis was carried out. We quantified, in wild-type and mutants, the surface area of fibers innervating the Merkel cell complex, the intermediate innervation in the developing lanceolate endings as well as the area of fluorescent labeling of Merkel cells (Figures 7G-7L ). In P0 RetcKO skin, NF200 + fluorescence was decreased by 65% in the Merkel cell complex (area a, Merkel cell innervation, Figure 7I ) and by 68% in the intermediate hair follicle region (area b, lanceolate innervation, Figure 7J ). In addition, the area of CK-20 Merkel cell labeling diminished by 22% in RetcKO skin ( Figure 7K ). Since reduced Merkel cell staining might have been due to a reduction in the size of Merkel cells, or a reduction in their numbers, we also counted the numbers of Merkel cells associated with hair follicles in P0 wild-type and mutants. The analysis showed a highly significant reduction of 26% in the numbers of Merkel cells/follicle in the RetcKO tissue ( Figure 7L ). Analysis of P15.5 hairy skin, the latest stage that we could study in RetcKO, showed that the characteristic longitudinal lanceolate endings were completely absent in mutants ( Figures 7M and 7N ). In addition, we observed a reduction of 15% in the numbers of NF200 + neurons counted in mutant DRG at P15. Figures 8A-8D) . Importantly, the combination b-gal/Ret/ GFRa2 was unaffected at E13.5 suggesting that part of the MafA population concomitantly extinguished both markers between E13 and P0 ( Figures 8B and 8D Figures S6H and S6I ). This analysis thus revealed the presence of a novel b-gal/TrkB + subpopulation that is Ret-negative ( Figure 8H ). Our simplest interpretation is that, in the absence of MafA, a part of the ''MafA/Ret-only'' population lost Ret and gained TrkB ( Figure 8J ). Altogether, these results showed that in MafA mutants, while axonal projections of MafA/Ret/GFRa2 LTMs appeared unaffected, expression of Ret and TrkB is altered in a specific LTM population. They also indicate that MafA acts downstream of Ret signaling to control neurotrophic factor receptors expression within these LTMs. 
DISCUSSION
This study represents the first molecular identification and characterization of the development of a subclass of sensory neurons that transduce specific low-threshold modalities for touch sensation. We show that the ''early'' Ret-expressing neuronal population previously noted in the E11-13 embryonic DRG (Kramer et al., 2006; Luo et al., 2007; Molliver et al., 1997) selectively express the transcription factor MafA and are destined to become specific types of LTMs ( Figure 8K ) and thus resolve a long-standing question about the fate of this neuronal popula- tion. This early molecular identification of specific LTM subtypes allowed us to show that they critically depend on Ngn2 and Ret for their differentiation and demonstrate a role for these molecules in mechanosensory neuron development. At birth, the MafA/Ret/GFRa2 LTM population further differentiates into three subsets; those that coexpress TrkC (Ret/TrkC), those that coexpress TrkB (Ret/TrkB), and those that express neither (Ret-only). In addition we show that while Ret signaling initially regulates MafA in these neurons, at later stages MafA in turn ensures Ret expression within a discrete subtype of these LTMs.
MafA/Ret Neurons: A Subclass of Ngn2-Dependent LTM Sensory Neurons Two major classes of sensory neurons, thermonociceptors and LTMs, are found in the DRG. The LTM subclass is highly diverse; at least seven subtypes (including mechanosensitive TrkB and proprioceptive TrkC neuronal populations) can be distinguished by (1) their physiological properties, (2) the morphology of the terminations they form in the skin, muscle, and tendon, and (3) their neurotrophic factor dependence (Lewin and Moshourab, 2004 Whereas signaling pathways essential for the development of nociceptive and proprioceptive neurons have been elucidated, the early development of mechanosensitive neurons has remained elusive. In the absence of Ngn2, the TrkB and TrkC neuronal populations fail to differentiate normally. From these observations it has been hypothesized that Ngn2 is a major determinant of LTM neurons, while Ngn1 is required for nociceptors (Ma et al., 1999) . E11.5 DRG from Ngn2 mutant mice display a marked reduction of markers (MafA, Ret, and GFRa2) of the MafA/Ret population, whereas they persist in Ngn1 null mutant mice (data not shown). These data indicate that this specific subclass of LTM sensory neurons also arises from the Ngn2 + precursors and further reinforce the idea that Ngn2 is a major regulator of the general LTM identity.
Ret Signaling Is Necessary for the Development of LTM Sensory Neuron Subtypes
The identification of MafA and GFRa2 as early markers of LTM neuron subtypes allowed us to demonstrate that signaling through Ret plays a role in their embryonic differentiation. Indeed, in Ret mutants, these neurons are generated normally, but their differentiation is rapidly compromised. The persistence of GFRa2 expression in LTM afferents at E13.5 allowed us to show that their initial central and peripheral projections were normal in Ret mutants. However, by P0, complete loss of MafA expression and marked reduction of GFRa2 expression was accompanied by reduced innervation of laminae III/IV in the spinal cord and of hair follicles in the skin in mutants. This suggests that whereas initial axon growth and pathfinding are independent of Ret signaling, either the survival and/or the maintenance of contacts between LTMs and their targets is compromised. By contrast, we show that BDNF and NT-3 are dispensable for the early development of LTMs. Thus, the MafA/Ret population may represent a sensory neuron subtype that does not depend on neurotrophins during their early development, and such an interpretation would modify the generally accepted view that neurotrophin signaling is necessary for the early development of all DRG neuron subtypes. Our results on explants and dissociated cultures of E13 DRG show that among several neurotrophic factors, only NTN or GDNF are capable of maintaining the differentiation and survival of MafA/Ret neurons in vitro. In vivo, these molecules could act as peripheral signals for the specification and survival of these LTM subtypes, as expression of NTN and GDNF have been demonstrated in the target tissue at the appropriate time i.e., embryonic mouse skin (Fundin et al., 1999; Golden et al., 1999; Kramer et al., 2006; Luo et al., 2007; Molliver et al., 1997) and are therefore prime candidates for regulating MafA/Ret LTM differentiation and/or survival.
Changing Neurotrophic Requirements of MafA/Ret LTM Neurons Up to present, studies on the development of LTMs in mutant and overexpressor mice have highlighted the important roles of the neurotrophin/Trk receptor signaling systems for the control of the survival and differentiation of LTMs. However, these studies have been carried out at the postnatal stages because, in the absence of specific molecular markers of LTMs during embryonic development, their presence or absence and the integrity of their functioning could only be verified on mature neurons. Thus, Meissner corpuscles have been suggested to be dependent on BDNF/TrkB signaling for their postnatal survival (Gonzá lez-Martinez et al., 2005; Perez-Pinera et al., 2008). Similarly, in NT-3 mutant mice, the loss of LTMs that innervate Merkel cell takes place during postnatal development (Airaksinen et al., 1996) . Neurons with the characteristics of D-hair mechanoreceptors depend on NT-3 for their survival in early postnatal development and on NT-4 at adult stages (Stucky et al., 1998 (Stucky et al., , 2002 . We show here that MafA/Ret LTMs undergo developmental changes in their neurotrophic factor receptor expression, suggesting a changing responsiveness of these neurons from GDNF family members in embryonic development to neurotrophins at post-natal stages. Thus, at E14, few ''early'' Ret + neurons express a Trk receptor (Kramer et al., 2006) , and neurotrophin signaling is not required for their early differentiation. However, at P0, we found that the MafA/Ret LTM population can be divided into three subsets: those that coexpress TrkC, those that coexpress TrkB, and those that express neither. The simplest explanation for this would be that MafA/Ret neurons acquire Trk receptors expression in the late embryonic stages. In support of this, it has been shown that TrkC expression in DRG neurons occurs in two waves; early expression in proprioceptive neurons under the control of Runx3, and a later wave of expression in cutaneous afferents independent of Runx3 (Nakamura et al., 2008). Our finding of altered neurotrophic factor receptor expression in MafA mutant mice DRG suggests that MafA plays a role in regulating the dynamics of receptor expression by subtypes of LTMs.
MafA as Part of a Ret-Dependent Transcriptional Program in LTMs
The regulation of MafA expression by Ret signaling is reminiscent of the regulation of ETS transcription factor ER81 expression in proprioceptive Ia afferent neurons by muscle-derived NT-3. This signaling is necessary for correct central connections of these afferents with their target neurons in the spinal cord (Patel et al., 2003) . Similarly, the regulation of the PEA-3 expression by mesenchyme/muscle derived GDNF allows the correct cell-body positioning and axonal projections of specific motoneuron pools (Haase et al., 2002; Vrieseling and Arber, 2006) . Ret-dependent MafA expression in MafA/Ret/GFRa2 LTMs suggested that all or part of the Ret phenotype in these neurons could be due to the absence of MafA. However, LTM projections in MafA mutants were grossly normal, at least at the level of our analysis. To definitively address this issue, more sophisticated tools than currently available will be necessary to specifically track the Retonly fibers among those of the larger set of MafA/Ret/GFRa2 + LTMs. We nevertheless reveal, within the Ret-only LTMs, a genetic cascade involving reciprocal regulation of Ret and MafA leading to inhibition of TrkB expression. A corollary of this finding would be that in Ret mutants, TrkB is ectopically expressed in the Ret-only population but because of the severity of the Ret phenotype we could not address this point. More generally this type of mechanism could explain how highly-specialized subsets of cells are generated from a more general population by fine regulation of tyrosine kinase receptor expression.
EXPERIMENTAL PROCEDURES Transgenic Mouse Lines
Mice bearing a floxed allele of the Ret gene (Ret flox) were a gift of C. Baudet (Baudet et al., 2008) . The cre-deleter strain used in these studies is a conventional transgenic Wnt1-cre, which has been shown to mediate loxP recombination in the dorsal neural tube and neural crest (Chai et al., 2000) . To delete Ret specifically in neural crest cell and its derivatives, we crossed Ret flox/flox mice with Wnt1-cre mice, to generate mice with the genotype Ret flox/+, Wnt1-cre. To generate Ret flox/flox, Wnt1-cre (RetcKO) and Ret flox/+, Wnt1-cre (Control) we interbred Ret flox/+, Wnt1-cre with Ret flox/ flox. MafA heterozygote mice (Zhang et al., 2005) were kindly provided by Dr. Takahashi (University of Tsukuba, Japan). TrkA null mutant mice (Smeyne et al., 1994) were generated by breeding heterozygotes (C57Bl6 background). Ngn1 and Ngn2 mutant mice were kindly provided by F. Guillemot.
In Situ Hybridization and Immunohistochemistry
In situ hybridizations were performed essentially as previously described (Carroll et al., 2001) . Probes for GFRa1 and GFRa2 were kindly provided by Drs. F. Helmbacher and M. Airaksinen. Double in situ hybridization and double in situ hybridization/immunohistochemistry were performed using a combination of DIG-labeled and fluorescein-labeled probes as previously described (Bourane et al., 2007) .
For immunohistochemistry on frozen sections, the antibodies used were as follows: goat anti-Ret (R&D Systems, 1:20), rabbit anti-Ret (Santa Cruz, 1:500), goat anti-GFRa2 (R&D Systems, 1:100), rabbit anti-MafA (Interchim, 1:500), mouse anti-Neurofilament-200 (Sigma, 1:1000), rabbit anti-Neurofilament-200 (Sigma, 1:1000), mouse anti-Neurofilament 160 (Sigma, 1:1000), rabbit anti-TrkB (Upstate, 1:1000), rabbit anti-Parvalbumin (SWANT, 1:10000), goat anti-TrkC (R&D Systems, 1:1000), mouse anti-PGP9.5 (DAKO, 1:500), rabbit anti-Islet 1 (Abcam, 1:50), rabbit anti-CGRP (Chemicon, 1:1000), mouse anti-Cytokeratin 20 (Dako, 1:40), goat anti-Calbindin (Santa Cruz, 1:200), rabbit anti-TrkA (Upstate, 1:500), chicken anti-b-galactosidase (Abcam, 1:3000). Secondary antibody incubations were performed with Alexa Fluor-546 or Alexa Fluor-488 conjugated secondary antibodies (Molecular Probes 1:1000; 1:500). For Ret immunostaining, an epitope demasking procedure was performed by immersion of sections for 15 min at 68 C in sodium citrate buffer (10mM Sodium Citrate, 0.05% Tween 20 [pH 6]). For immunostaining to visualize hair follicle innervation and Merkel cells, skin from P0 and P15.5 animals were dissected in PBS and embedded in OCT compound. 50 mm frozen sections were cut on slides, fixed 10 min in cold acetone, washed with PBS, blocked with 10% serum, and incubated with mouse monoclonal antibody to cytokeratin-20 (CK20) and rabbit anti-Neurofilament-200 (NF200) overnight at 4 C. Following incubation with the primary antibodies, sections were washed then incubated with the appropriate secondary antibodies.
Quantification of Hairy Skin Innervation
Merged image stacks of 50-60 mm (composed of 30-35 confocal images to 1.6 mm optical sections using a Zeiss LSM 5 confocal microscope and 403 lens) were taken from hairy skin. At least 90-100 hair follicles images were pooled from three mice for each genotype. Within each image, we selected a region from the top of the follicle and NF200 + (green) and CK20 + (red) area were quantified (Metamorph). Paired Student's two-tailed t tests were performed using GraphPad Prism 5 to determine if there were differences among genotypes.
Quantification of NF200 and CGRP Innervation in the Dorsal Horn
Merged image stacks of 20-25 mm (composed of 12-15 confocal images to 1.6 mm optical sections using a Zeiss LSM5 confocal microscope and 253 lens) were taken from dorsal spinal cord. At least 10-15 sections of two animals of each genotype were analyzed. For the quantification of the area of NF200 immunostaining we selected a region corresponding to laminae III/IV and for CGRP, we selected a region corresponding to laminae I.
Cell Counting P0 and P15 animals were sacrificed, and L3-L6 DRGs were fixed in 2% paraformaldehyde (PFA) for 1 hr at RT, embedded in OCT compound, and sectioned with 14 mm serial cryosections through the entire DRG. The number of neurons expressing various molecular markers was determined by counting neurons that contained visible nuclei.
Cell and Explant Cultures L3-L5 DRGs were dissociated and the neurons plated at a density of 5000 neurons per well, on 4-well plates (Nunc) with glass coverslips precoated (CML) with D,L-polyornithine (5 mg/ml) and laminin (5 mg/ml), in a defined culture medium consisting of Neurobasal supplemented with 2 mM glutamine (GIBCO), 25 mM glutamic acid (Sigma), and 2% B27 (GIBCO). All the neurotrophic factors (Abcys) were used at 10 ng/ml. The primary cultures were maintained at 37 C in a humidified incubator under 5% CO 2 .
Whole L3-L5 DRGs were deposed on 4-well plates with glass coverslip precoated in defined culture medium supplemented with the different neurotrophic factors.
X-gal Staining
Cells or explants were fixed with 1% PFA, 0.2% glutaraldehyde in PBS for 5 min on ice. After two washes in PBS, tissues were stained several hours to overnight at 37 C in X-gal substrate solution consisting of 5 mM K 4 Fe(CN) 6 , 5 mM K 3 Fe(CN) 6, 2 mM MgCl 2 , and 1 mg/ml X-gal (Sigma).
SUPPLEMENTAL DATA
Supplemental Data for this article include six figures and can be found with this article online at http://www.cell.com/neuron/supplemental/ S0896-6273(09)00981-7.
